Introduction
============

Collagen, the most abundant protein in the body, is a main component of the extracellular matrix (ECM) forming unique networks in the interstitial spaces between cells. The superfamily of collagens now includes more than 20 types with at least 38 distinct polypeptide chains, as well as more than 15 additional proteins that have collagen-like domains [@B1]. Fibrillar collagens traditionally have been classified into major (types I, II, and III) and minor (types V and XI) collagen types based on their relative abundance in connective tissues. During mammalian development, the different types of collagens are expressed in unique spatiotemporal patterns [@B2], [@B3] ultimately providing mechanical strength to skin, bone, and other tissues. It has been shown that aberrations in collagen biosynthesis, or mutations in collagen genes, can result in various bone disorders. Examples include osteogenesis imperfecta [@B4] resulting from a mutation in type I collagen genes (ColA1 or Col1A2), Achondrogenesis II from a mutation of the Col2Α1 gene, and Kniest and Stickler syndromes similarily with a mutation in the collagen type II gene (Col2Α1) [@B5]-[@B9], to name a few.

Structurally, collagens are characterized by a triple helical region containing Gly-x-y repeats [@B10], and interact with three types of receptors: integrins, discoidins, and glycoprotein VI [@B11]. Specifically, the integrin family of adhesion molecules has been shown to mediate interactions between cells and their ECM ligands, such as collagen, through direct binding with Arg-Gly-Asp (RGD) or Lys-Gly-Asp (KGD) sites, ultimately regulating cell migration, proliferation, and differentiation [@B12]-[@B15]. Previous studies demonstrate that RGD- and KGD-containing peptides are specific and potent competitive inhibitors of integrin β3 function [@B16], [@B17] the results of which include blocked platelet activation and platelet PDGF-AB release, as well as negatively regulating Smad7 expression. Additionally, accumulating evidence shows that there is crosstalk between integrins and TGF-β signaling [@B18], [@B19], with TGF-β regulating the expression of integrins, their ligands, and integrin-associated proteins, as well as affecting cell adhesion and migration. Conversely, some integrins directly regulate TGF-β activation [@B12]. Asano et al [@B20], [@B21] observed an increased expression of both integrin αvβ3 and αvβ5 in the dermis of scleroderma patients, which subsequently elicited autocrine TGF-β signaling in patient fibroblasts *in vitro*. Additionally, mutation of the RGD site of latency-associated peptide (LAP) causes defects similar to those showed in TGF-β1-null mice [@B22].

Col24α1 is a recently defined minor type V collagen containing two clusters of Gly-x-y collagenous repeats and three non-collagenous domains [@B10]. Having 6 repeat KGD motifs, which are binding sites for integrins [@B23], Col24α1 was found to be initially expressed in the emerging skeletal elements of the head and appendicular skeleton at embryonic day 15 with expression at later embryonic stages detected in the cornea, the otic capsule, and skeleton where it coincided with the formation of primary ossification centers and sites of type I collagen expression [@B24]. This suggests that Col24α1 may participate in the control of important physiological processes in bone and cartilage, however the role and mechanism of Col24α1 in osteoblast differentiation and mineralization remains unclear.

We hypothesize that Col24α1 regulates osteoblast differentiation and mineralization through interaction with integrins, which leads to the activation of the TGF-β/Smads signaling pathway. In this study, we first confirmed that Col24α1 is predominantly expressed in bone tissues and during osteoblast differentiation. We then analyzed the effect of Col24α1 on osteoblast differentiation and mineralization by performing loss of function and gain of function studies. Finally, we looked into the specific interaction with integrin β3 and the TGF-β/Smads signaling pathway that Col24α1 uses to impart its regulatory control. We believe that our findings provide novel insight into collagen research as well as osteoblast differentiation and mineralization.

Materials and methods
=====================

Cells and cell culture
----------------------

A murine preosteoblastic cell line derived from murine calvaria (MC3T3-E1 clone 4) [@B25], and a human embryonic kidney cell line (HEK293T) were obtained from the American Type Culture Collection (ATCC). MC3T3-E1 cells were seeded at a density of 2×10^4^ cells/cm^2^ and maintained in α-MEM complete media (α-modified Eagle\'s Minimum Essential Medium \[α-MEM\] with 10% fetal bovine serum \[FBS, Gibco\], 100U/ml penicillin and 100mg/ml streptomycin). HEK293T cells were cultured in DMEM complete media (Dulbecco\'s Modified Eagle Media with 10% FBS, 100U/ml penicillin and 100mg/ml streptomycin). Mouse mensenchymal stem cells (MSCs) were prepared and cultured as previous described [@B26]. For osteoblast differentiation, MC3T3-E1 cells or MSCs were induced with osteogenic medium (OS media), which is α-MEM complete media with 50μg/ml ascorbic acid, 10mM β-glycerol-phosphate and 10nM dexamethasone (Sigma) [@B27].

Reverse transcription PCR (RT-PCR) and quantitative real-time RT-PCR (qPCR) analysis
------------------------------------------------------------------------------------

All animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee, University at Buffalo, and were performed in accordance with the institutional guidelines and the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Research Council). Total RNAs were isolated from 14-day-old c57BL/6J mouse tissues and OS media-induced MC3T3-E1 cells using Trizol reagent (Invitrogen) according to the manufacturer\'s instructions. In regards to isolation of total RNA from long bone it was performed as described [@B28], [@B29] with minor modifications. Briefly, long bones, which had been snap frozen, were freed of periosteum and bone marrow, ground with a mortar and pestle, and then total RNA was extracted using Trizol reagents. Reverse transcription of total RNA was carried out for 50 mins at 42°C and then 15 mins at 70°C, using the SuperScript^TM^ First Strand Synthesis System for RT-PCR (Invitrogen). The resulting single-strand cDNA molecules were used to perform qPCR. The primers were designed as follows: Col24α1 (forward primer, 5\'-GAAGCCACCCACACCATCAC-3\'; reverse primer, 5\'-TTCTTCAAAAATCTGACCA TTCCAA-3\'), Smad2 (forward primer, 5\'-GAGGAGCAGCTCGCCAA-3\'; reverse primer, 5\'-CTGTCAAGGTCCGGCCAGCG-3\'), Smad3 (forward primer, 5\'- GTGA CCCTTCGGTGCCAGCC-3\'; reverse primer, 5\'-GGGGCTCAATGCCAGCAGGG-3\'), Smad7 (forward primer, 5\'-CTGCAGCGGCCAATGACCA-3\'; reverse primer, 5\'-AT GAGCCTCTCAGCCGGGGG-3\'), ALP (forward primer, 5\'-GC AGCTTGGTGCACACCTAG-3\'; reverse *primer*, 5\'-GAGACATTTTCCCGTTCACC-3\'.), Runx2 (forward primer, 5′-CCGGCAAGATGAGCGAGGTCA-3′; reverse primer, 5′-GTGGGTT GGAGAAGCGGCTCT-3′), OCN (forward primer, 5\'-ATGAGGACCCTCTCTCTGC T-3\'; reverse primer, 5\'-GGAGCTGCTGTGACATCCAT-3\'), bone sialo protein (BSP) (forward primer, 5\'-CAGGGAGGCAGTGACTCTTC-3\'; reverse primer, 5\'-AGTGT GGAAAGTGTGGCGTT-3\') and GAPDH (forward primer, 5\'-ACCACAGTCCATGCCATCAC-3\'; reverse primer, 5\'-TCCACCACCCTGTTGCTGTA-3\'). Reactions were performed on an ABI PRISM 7500 sequence detection system with SYBR GREEN PCR Master Mix (Applied Biosystems) according to the manufacturer\'s instructions. The PCR conditions were 94°C for 1 min followed by 95°C for 30 secs and 58°C for 40 secs for a total of 35 cycles. All of the reactions were run in triplicate and normalized to the housekeeping gene GAPDH. The relative differences in PCR results were calculated using the comparative cycle threshold method.

Col24α1 shRNA lentivirus packaging, tittering, and cell infection
-----------------------------------------------------------------

To identify the role of the Col24α1 gene in osteoblast differentiation as well as the osteoblastic signaling pathway, we used a lentivirus vector-mediated interference system. The Col24α1 shRNA sequences used can be found in Table [1](#T1){ref-type="table"}. Five individual pLB-Col24α1 shRNA (Col-S) vectors and a control pLB-scramble shRNA (PLB) vector (Open Biosystems) were co-transfected with the packaging plasmids, pCMV-dRr8.2 and pCMV-VSV-G (Addgene) [@B30], into HEK293T cells using a calcium phosphate co-precipitation method. The medium was replaced with fresh complete media after co-transfection for 8 hrs. The lentiviral supernatant was harvested after 48-72 hrs, and titers were determined by infecting HEK293T cells with serial dilutions of lentivirus in the presence of 4μg/ml polybrene (Sigma). The viral supernatant was then used to infect MC3T3-E1 cells and after 24 hrs the virus-containing media was removed and replaced with fresh complete media. After incubation for 48 hrs, the cells were analyzed by qPCR, western blot, and immunostaining to test the silence efficiency of the Col24α1 gene. For osteoblast differentiation, the infected cells were induced with OS media for the indicated times based on different experiments.

Ectopic expression of Col24α1
-----------------------------

Retroviral vector pBMN-Col24α1 was constructed by inserting a full-length 6.18kb Col24α1 cDNA (access no. NM_027770) into the EcoRI and Not I site of pBMN-I-GFP (Addgene). Packaging was performed as in the protocol from the Dr. Garry Nolan Laboratory, Stanford University. Briefly, the retrovirus vector pBMN-I-GFP (Control) and experimental pBMN-Col24α1 vector (Col-O) were separately transfected into the Phoenix-Eco packaging cells using a calcium phosphate co-precipitation method [@B31]. Following transfection, the cells were placed in a 32°C humidified incubator for 48 hrs (32°C aids in stabilizing the virus). The virus containing supernatant was harvested and filtered through a 0.45 µm filter for tittering assay. The Control and Col-O retroviruses were then used to infect 70-80% subconfluent MC3T3-E1 cells in the presence of 8μg/ml polybrene. After incubation for 48 hrs, the cells were analyzed by western blot and immunostaining. For osteoblast differentiation, the infected cells were induced with OS media for the indicated times based on different experiments.

ALP activity measurement
------------------------

ALP activity was determined using the ALP assay kit in keeping with the manufacturer\'s instructions (Sigma). Briefly, cells were washed with ice-cold PBS, lysed with 0.5% Triton X-100, and centrifuged. ALP assay was performed in alkaline buffer solution (1.5 M, pH 10.3) containing 10mM p-nitrophenyl phosphate as a substrate. Following the addition of the stop solution (3M NaOH), the optical density was measured in a microplate reader at 405nm. ALP activity was normalized with the value of DNA content, measured according to the method of Schneider [@B32], and expressed as nmol of *p*-nitrophenol produced per minute per mg of total DNA [@B29].

Alizarin red staining
---------------------

To measure bone nodule formation, extracellular matrix calcium deposits were stained using Alizarin red dye as previously described [@B33], [@B34]. Briefly, at 14 days following the induction with OS media, cells were fixed with 2.0% formaldehyde and stained with 40mmol/L of Alizarin red solution (pH 4.4) for 40 mins at room temperature. The images of stained cells were captured using a phase contrast microscope with a digital camera (IM50, Leica, Germany). The cells were then destained for 15 mins with 10% (w/v) cetylpyridinium chloride (Sigma) in 10mM sodium phosphate (pH 7.0). The extracted stain was transferred to a 96-well plate and the absorbance measured at 562nm. The mineralization values were normalized to the relative value of the control (PLB or Control) [@B35].

Von Kossa staining
------------------

Because calcium coprecipitates with phosphate ions in the matrix, Von Kossa staining was also used for determining mineralization in the cultures [@B36], [@B37]. Cells were fixed with 2.0% formaldehyde for 15 mins. After washing with deionized water 3 times, cells were incubated in 5% silver nitrate solution at room temperature under ultraviolet light for 1 hr.

Immunofluorescence staining
---------------------------

The cells were plated on 24-well plates, incubated overnight, and then infected with Col-S or Col-O for 24 hrs. After induction with OS media for 14 days, the cells were fixed with 100% methanol for 10 mins, blocked with 5% (v/v) normal rabbit serum for 60 mins, then correspondingly incubated with mouse anti-Col24α1 antibody (1µg/ml, Sigma) in TBS containing 1.5% normal rabbit serum for 60 mins. Following this, cells were incubated in Texas red conjugated anti-mouse IgG (1µg/ml, Santa Cruz Biotechnology) with 1.5% normal rabbit serum for 60 mins, washed three times in PBS, and examined with fluorescence microscopy [@B31].

Western blot analysis
---------------------

Western blots were performed as described [@B38]. Briefly, the cells were lysed with NP40 buffer (1% NP-40, 0.15M NaCl, 50mM Tris, pH 8.0) containing protease inhibitors (Sigma). Equal amounts of protein were separated on an 8-10% polyacrylamide-SDS gel. Proteins were transferred to polyvinylidene difluoride membranes. Activation of Smad2/3 was detected using anti-phospho-Smad2/3 antibody (Santa Cruz Biotechnology, CA). Expression of Col24α1 or GAPDH was detected using anti-Col24α1 antibody (Sigma), and anti-GAPDH antibody (Cell Signaling Biotechnology, CA), respectively.

Co-immunoprecipitation (Co-IP)
------------------------------

Cells were lysed in NP40 buffer containing protease inhibitors (Sigma). Lysates were incubated for 6 hrs at 4°C with anti-integrin β3 antibody (Abcam, USA) coupled to Protein A-Agarose beads (Santa Cruz Biotechnology, CA). To approximately 1ml of whole cell lysates, 0.25µg of the appropriate control IgG was added with 20µl of the appropriate suspended (25% v/v) agarose conjugate (Protein A-Agarose). Cell lysates were then incubated at 4°C on a rotating device overnight. Centrifugation at 3,000 rpm for 30 secs at 4°C was performed to collect the cell pellet. After washing 2 times, the pellet was resuspended and boiled for 5 mins. The proteins were identified by western blot analysis using the anti-integrin β3 and anti-Col24α1 antibodies as described [@B39].

Statistical analysis
--------------------

Where indicated, experimental data are reported as mean ± SD of triplicate independent samples. Statistical analysis was performed using the software SPSS-17.0. Statistical significance for two groups was assessed using Student\'s *t*-test. All other data was analyzed using one-way analysis of variance [@B40], and the Tukey HSD was applied as a post hoc test if significance was found. The probability level (*P*) at which differences were considered significant was *P*\<0.05.

RESULTS
=======

Col24α1 is predominantly expressed in bone tissues and during osteoblast differentiation
----------------------------------------------------------------------------------------

To identify the expression pattern of Col24α1 in different tissues, qPCR analysis was performed in 14-day-old c57BL/6J mouse tissues. The results showed that Col24α1 was predominantly expressed in calvaria and long bone. There was also the expression observed in the brain, muscle, kidneys, spleen, liver, and lung but to a far lesser extent (Fig. [1](#F1){ref-type="fig"}A). To characterize the time course of Col24α1 expression during osteoblast differentiation, qPCR and western blot analysis were performed. As shown in Fig. [1](#F1){ref-type="fig"}B-C, Col24α1 was expressed at low levels in MC3T3-E1 cells prior to OS media induction. Following OS media induction, Col24α1 expression increased concomitant with osteoblast differentiation. Finally, we looked at the expression of Col24α1 in OS media induced MSCs by qPCR. As shown in Fig. [1](#F1){ref-type="fig"}D, the expression of Col24α1 gradually increased during osteoblast differentiation in those cells as well.

Silencing Col24α1 inhibits osteoblastic ALP activity and cell mineralization
----------------------------------------------------------------------------

To demonstrate the importance of Col24α1 function in osteoblast differentiation and activation, a lentivirus vector-mediated interference system was used to silence Col24α1 expression in MC3T3-E1 cells. We found that both Col24α1 mRNA and protein expression were blocked in Col-S cells as compared with that of PLB cells (Fig. [2](#F2){ref-type="fig"}A-B). Consistent with these results, immunofluorescent staining showed the diminished Col24α1 protein expression in silenced cells as compared to control (Fig. [2](#F2){ref-type="fig"}C).

ALP hydrolyzes pyrophosphate and provides inorganic phosphate to promote mineralization in osteoblasts [@B41]. In Fig. [2](#F2){ref-type="fig"}D we found that ALP activity was significantly reduced in Col24α1 silenced MC3T3-E1 cells after induction with OS media for 7 days as compared to the control. Looking further into the importance of Col24α1 on bone mineralization, MC3T3-E1 cells infected with either Col-S or PLB were induced with OS media for 14 days and then analyzed using Alizarin red and Von Kossa staining assays. Silencing Col24α1 resulted in a reduction of both calcium and phosphate deposits (Fig. [2](#F2){ref-type="fig"}E). More so, the quantitative mineralization level, based on Alizarin red staining, was 3.3-fold lower in silenced cells than control (Fig. [2](#F2){ref-type="fig"}F).

Ectopic expression of Col24α1 promotes osteoblast differentiation and cell mineralization
-----------------------------------------------------------------------------------------

To gain further insight into the function of Col24α1, we characterized the effect of its ectopic expression on osteoblast differentiation and mineralization in MC3T3-E1 cells induced with OS media. Following infection with either the Col-O or Control retroviruses, we detected Col24α1 protein expression by western blot. As shown in Fig. [3](#F3){ref-type="fig"}A, protein levels were significantly increased in Col24α1 overexpressed cells compared with the control. Using qPCR to detect expression levels of osteoblast marker genes Runx2, BSP, ALP and OCN, we demonstrated that overexpression of Col24α1 dramatically increased their expression (Fig. [3](#F3){ref-type="fig"}B). To analyze the effect of Col24α1 overexpression on cell mineralization, infected MC3T3-E1 cells were induced with OS media for 14 days, following which Alizarin red and Von Kossa staining assays were performed. Notably, we found that overexpression of Col24α1 significantly increased the production of *mineralized* matrix (Fig. [3](#F3){ref-type="fig"}C-E). Lastly, to evaluate the effects of overexpression of Col24α1 on osteoblast differentiation, the cells were induced with OS media for 7 days following infection with either Col-O or Control retroviruses and then ALP activity was measured. As shown in Fig [3](#F3){ref-type="fig"}F, overexpression of Col24α1 significantly increases ALP activity.

Ectopic expression of Col24α1 rescues impaired osteoblast differentiation and mineralization in Col24α1 silenced cells
----------------------------------------------------------------------------------------------------------------------

MC3T3-E1 cells were infected with Col-S or PLB lentivirus for 24 hrs before infecting with the Col-O or Control retrovirus for an additional 24 hrs. Following culture for 48 hrs, cells were harvested and the expression level of Col24α1 was analyzed with qPCR. As expected, Col-O was able to rescue the expression of Col24α1 in the silenced cells almost to the level of the control (Fig [4](#F4){ref-type="fig"}A). Additionally, infected cells were induced with OS media for 14 days for Von Kossa (Fig [4](#F4){ref-type="fig"}B) and Alizarin red staining (Fig [4](#F4){ref-type="fig"}C). We found that overexpression of Col24α1 could rescue the impaired cell mineralization resulting from silencing. Quantitative analysis of Alizarin red stain showed the levels of mineralization in Col-S+Col-O and Col-O cells increased 3.43-fold and 7.41-fold, respectively, as compared to Col-S cells. There was no significant difference between Col-S+Col-O and control cells (Fig. [4](#F4){ref-type="fig"}D).

Col24α1 interacts with the integrin β3 chain to regulate TGF-β/Smads signaling pathway
--------------------------------------------------------------------------------------

Bone mineralization and osteoblast differentiation are modulated by integrins [@B42], [@B43]. Furthermore, previous reports have shown that Arg-Gly-Asp (RGD) and Lys-Gly-Asp (KGD) are putative integrin binding motifs [@B12], [@B14], [@B23]. Knowing that MC3T3-E1 cells express integrin chains such as αv, α2, β1, and β3 [@B44]-[@B46] it is likely that Col24α1, which contains 6 repeat KGD motifs, imparts some of its regulatory control at these sites. Since KGD binds with much better affinity to integrin β3 chain than to others, such as β1 and αv [@B47], we choose to characterize its interaction with Col24α1. Our results indicated that not only is there specific binding between Col24α1 and the integrin β3 chain in osteoblasts, but silencing Col24α1 has no effect on the expression level of the integrin β3 chain (Fig. [5](#F5){ref-type="fig"}A).

Accumulating evidence indicates that integrins directly mediate TGF-β activation [@B12]. Additionally, Smad proteins are critical components of the TGF-β signaling pathway, critically regulating osteoblast differentiation. Using qPCR we found that silencing Col24α1 had no effect on Smad2 and Smad3 expression, however it did result in increased expression of the inhibitory Smad7 (Fig. [5](#F5){ref-type="fig"}B-D). To further investigate whether Col24α1 affects Smads activation, we examined the protein level of phospho-Smad2/3 by western blot. As shown in Fig. [5](#F5){ref-type="fig"}E, there was a significant difference in the level of phospho-Smad2/3 between the Col-O and control group, as well as between Col-S and the control group. The level of phospho-Smad2/3 in the Col-O and Col-S groups were 1.52-fold and 0.38-fold that of the control group, respectively, clearly indicating that both silencing and overexpression of Col24α1 affected Smad2/3 activation. This suggests that Col24α1 regulates osteoblast differentiation and mineralization through the TGF-β/Smads signaling pathway.

Discussion
==========

Col24α1 is predominantly expressed in the forming bone elements of the mouse embryo [@B24] as well as in the trabecular bone and periosteum of the newborn mouse [@B48]. Consistent with these previous studies, we found that Col24α1 was highly expressed in the calvaria and bone tissues of 14-day-old c57BL/6J mice. There was also expression observed in the brain, muscle, kidneys, spleen, liver, and lung but to a far lesser extent.

During early stages of osteoblast differentiation, cells in the osteoblast lineage synthesize type I collagen (Col-I) and other matrix proteins, followed by the production of ALP and other osteoblastic differentiation markers, ultimately leading to the induction of ECM calcification [@B49], [@B50]. Matsuo et al [@B48] found that Col24α1 transcription is activated at about the same time as that of the osteocalcin gene and gradually increases to eventually plateau as osteoblasts begin to deposit a mineralizing matrix. Our results showed that Col24α1 expression was detected in the early stages and increased concomitant with osteoblast differentiation.

Several studies have demonstrated that the components of the ECM play an important role not only in osteoblast differentiation but also in bone mineralization [@B51]-[@B53]. In this study, we found that silencing Col24α1 in MC3T3-E1 cells suppressed the expression of osteoblast marker genes ALP, OCN, Runx2, and BSP, as well as significantly blocked ALP activity and cell mineralization. Subsequent overexpression of Col24α1 was able to rescue this deficit in silenced cells, and significantly promoted osteoblast differentiation and mineralization in the control cells. Collectively, these above findings confirm that Col24α1 is not only selectively expressed in bone tissues, but it appears to have an integral role in osteoblast gene expression, differentiation, and the formation of mineralized bone matrix. So the question remains, what the exact role and mechanism by which Col24α1 imparts this regulatory control on osteoblast differentiation and subsequent mineralization?

Integrins are a family of heterodimeric transmembrane glycoproteins consisting of an α- and β- chain, and are the major cell surface receptors mediating ECM interactions [@B12]. They act as transducers by relaying information from the ECM to the cell interior or vice versa and have diverse roles in mediating cell adhesion, migration, proliferation, differentiation, and survival [@B13], [@B14]. Osteoblasts express integrins, which interact with bone matrix proteins (e.g. collagen) to transduce signals from the ECM and regulate their commitment. Previous reports have shown that Arg-Gly-Asp (RGD) and Lys-Gly-Asp (KGD) are putative integrin binding motifs [@B12], [@B14], [@B23]. We know that Col24α1 contains 6 repeat KGD motifs and our Co-IP results demonstrated the presence of a Col24α1-integrin β3 complex in control cells but not in silenced cells. This indicates that Col24α1 directly interacts with the integrin β3 chain during osteoblast differentiation most likely through binding at the KGD motifs.

TGF-β signaling plays a crucial role in osteoblast differentiation [@B54] and mineralization [@B55]-[@B57], and integrins are the main modulators of this cascade [@B58], [@B59]. TGF-β elicits its effects by interacting with TGF-β receptors to recruit and activate, through phosphorylation, the intracellular effectors Smad2 and Smad3. The phosphorylated Smad2/3 complex subsequently binds to Smad4 and translocates to the nucleus affecting gene expression and ultimately cell behavior [@B54], [@B60]. We showed that silencing Col24α1 inhibited the phosphorylation of the Smad2/3 protein complex and resulted in the decreased expression of the osteoblast marker genes Runx2, ALP, OCN, and BSP. At the same time, the expression of Smad7 was up-regulated. In contrast to this, overexpression of Col24α1 significantly increased phosphorylation of the Smad2/3 complex. It is known that Smad7 inhibits TGF-β signaling by associating with its receptor and thus preventing Smad2 and Smad3 access for phosphorylation [@B61], [@B62]. Given this evidence it seems that Col24α1 regulates osteoblast differentiation and mineralization in some form or another through the TGF-β/Smads signaling pathway.

Col24α1 undoubtedly has a role in osteoblast differentiation and mineralization. Synthesizing the evidence provided here one explanation is that Col24α1 binds with the integrin β3 chain at one or more of its six KGD motifs. Subsequent binding with TGF-β leads to the negative regulation of Smad7 signaling, which has the effect of freeing up the TGF-β receptor to allow the Smad2/3 complex access for phosphorylation resulting in an increase in osteoblast gene expression, differentiation, and cell matrix mineralization. Current studies in our lab are looking into whether Col24α1 interacts with other integrins as well as further elucidating how it is working through the TGF-β/Smads signaling pathway. We are also in the process of generating a conditional knockout model to look at its affects *in vivo*. This research may provide a platform for the development of new pharmacologic strategies for the treatment of bone disorders associated with mutations in collagen synthesis, accumulation, and degradation. Additionally, there is the potential to use Col24α1 as an osteogenic factor for promoting bone regeneration and healing.
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![**Col24α1 is predominantly expressed in pre-osteoblasts, osteoblasts, and bone tissue.** (A) Quantitative real-time RT-PCR analysis of Col24α1 mRNA expression in 14-day-old c57BL/6J mouse tissues. Total RNA was extracted from calvaria, long bone, brain, heart, liver, muscle, kidney, spleen, and lung. N=6, *p*\< 0.01; a: calvaria vs other tissues, b: long bone vs other tissues. (B) Quantitative real-time RT-PCR analysis of Col24α1 mRNA in MC3T3-E1 cells induced with OS media for 0, 3, 7, 14 days show that the expression of Col24α1 gradually increases during osteoblast differentiation. N=6, *p*\< 0.01; a: between all groups. (C) Western blot analysis of Col24α1 protein expression in MC3T3-E1 cells induced with OS media for 0, 3, 7, and 14 days confirms the results in *B*. Normalization performed using β-actin levels. (D) Quantitative real-time RT-PCR analysis of Col24α1 expression in MSCs induced with OS media for 0, 7, and 21 days. The results show that Col24α1 expression increases during osteoblast differentiation. N=6, *p*\< 0.01; a: between all groups. Unless indicated otherwise normalization was performed against GAPDH levels for control in the same reaction.](ijbsv08p1310g01){#F1}

![**Silencing Col24α1 blocks osteoblast differentiation and mineralization.** (A) Quantitative real-time RT-PCR analysis. MC3T3-E1 cells were infected with Col-S or PLB lentiviruses for 48 hrs, and then induced with OS media for 0, 3, 7, 14 days. The mRNA levels of Col24α1 gradually increase in control cells over time as compared to control cells, which are significantly lower. N=6, *p*\< 0.05; PLB vs Col-S at all time points. (B) Western blot analysis of Col24α1 protein expression. The cells were treated as described in *A.*The level of Col24α1 in the silenced groups was 5.6 fold (Col-S1) and 4.6 fold (Col-S2) lower than that in the control. (C) Immunofluorescence staining revealed that the expression of Col24α1 was diminished in Col-S cells at day 7 after infection. (D) ALP activity. Cells at 70-80% confluence were infected with Col-S or PLB lentiviruses and then induced with OS media for 7 days. ALP activity in the Col-S group was significantly lower than the PLB group. N=6, *p*\<0.05; a: PLB vs Col-S. (E) Alizarin red and Von Kossa staining. MC3T3-E1 were infected with Col-S or PLB lentiviruses for 24 hrs and then induced with OS media for 14 days. Silencing Col24α1 significantly reduces extracellular matrix mineralization. (F) The quantitative analysis of Alizarin red staining as seen in *E* confirms these results. N=6, *p* \< 0.05; a: PLB vs Col-S. Unless indicated otherwise normalization was performed against GAPDH levels for the control group in the same reaction.](ijbsv08p1310g02){#F2}

![**Overexpression of Col24α1 significantly increases osteoblast differentiation and mineralization.** MC3T3-E1 cells were infected with Control or Col-O retroviruses for 24 hrs and then induced with OS media for 7 and 14 days. (A) Western blot analysis. The expression level of Col24α1 in the Col-O group is increased 5.4 fold (7 days) and 4.1 fold (14 days) than that in the control. (B) Quantitative real-time RT-PCR analysis of osteoblast marker genes Runx2, BSP, ALP, and OCN in MC3T3-E1 cells induced with OS media for 7 days. For all genes the mRNA levels were significantly increased in Col-O group as compared with the Control. N=6, *p*\< 0.05; Control vs Col-O for all genes. (C) Alizarin red staining. There is an increase in calcium deposits for the overexpression group as compared to the control. (D) The quantitative analysis of Alizarin red staining as seen in *C*. N=6, *p*\<0.05; a: Control vs Col-O. (E) Von Kossa staining method shows increased phosphate ion deposits in mineralized matrix. (F) ALP activity. Following infection of MC3T3-E1 cells with Col-O or Control retroviruses they were induced with OS media for 7 days. The Col-O group shows an increase in activity as compared to the Control group. N=6, *p*\<0.05; a: Control vs Col-O. Unless indicated otherwise normalization was performed against GAPDH levels for the control group in the same reaction.](ijbsv08p1310g03){#F3}

![**Ectopic expression of Col24α1 rescues impaired osteoblast differentiation and mineralization resulting from Col24α1 silencing.**MC3T3-E1 cells were first infected with Col-S or PLB lentiviruses for 48 hrs and then infected with Col-O or Control retroviruses for an additional 48 hrs. Fresh media was then added and the cells were cultured for the appropriate amount of time based on the given experiment. (A) Quantitative real-time RT-PCR. At 48 hrs cells were harvested and Col24α1 mRNA levels were analyzed. The Col-S group was significantly lower than all other groups. There was no significant difference found between the Col-S+O and Control groups. The Col-O group was significantly greater than all other groups. N=12, *p* \< 0.05; a: Col-S vs all other groups, b: Col-O vs all other groups. (B) Von Kossa staining following induction with OS media for 14 days. There is minimal phosphate ion deposits in the Col-S group, similar levels of mineralization between the Col-S+O and Control groups, and a dramatic increase in the Col-O group. (C) Alizarin red staining following induction with OS media for 14 days. As one might expect, identical results can be seen here as in *B*. (D) The quantitative analysis of Alizarin red staining as seen in *C*. Compared to the Col-S group there is a significant increase in mineralization of 3.43 fold and 7.41 fold for the Col-S+O and Col-O groups, respectively. There is no significant difference between Col-S+O and Control groups. N=12, *p* \< 0.05; a: Col-S vs all other groups, b: Col-O vs all other groups. Unless indicated otherwise normalization was performed against GAPDH levels for the control group in the same reaction.](ijbsv08p1310g04){#F4}

![**Col24α1 interacts with the integrin β3 chain and regulates the TGF-β/Smads signaling pathway.** MC3T3-E1 cells were infected with Col-S or PLB lentiviruses for 48 hrs and then induced with OS media for appropriate time based off of the requirements for the given experiment. (A) Co-immunoprecipitation assay. The infected cells were induced with OS media for 7 days, harvested for precipitation of integrin β3, and then western blot was performed using antibodies against the Col24α1 as well as integrin β3 proteins. It is evident that Col24α1 directly interacts with the integrin β3 subunit in OS media-induced cells. (B-D) Quantitative real-time RT-PCR analysis of the transcription of Smad2 (B), Smad3 (C) and Smad7 (D) in MC3T3-E1 cells induced with OS media for 0, 3, 7, 14 days. There is a significant increase in Smad7 mRNA in the Col-S group as compared to the PLB group at all time points. N=12, *p*\< 0.05. There is no significant difference between the groups for either Smad2 or Smad3 mRNA levels. N=12, *p*\> 0.05. (E) Western blot analysis of phospho-Smad2/3 protein expression. Following infection with either Col-S or Col-O viruses, MC3T3-E1 cells were induced with OS media for 7 days. The levels of phospho-Smad2/3 in the Col-S and Col-O groups are 0.38 fold and 1.52 fold that of the Control group, respectively. Unless indicated otherwise normalization was performed against GAPDH levels for the control group in the same reaction.](ijbsv08p1310g05){#F5}

###### 

The shRNA sequences of Col24α1.

  ---------------------------------------------------------------
  1\. Hairpin sequence for TRCN0000089943
  CCGGCCCTAGAACTGAAATTGTATACTCGAGTATACAATTTCAGTTCTAGGGTTTTTG
  Mature Sense for TRCN0000089943 CCCTAGAACTGAAATTGTATA
  Mature Antisense for TRCN0000089943 TATACAATTTCAGTTCTAGGG
  2\. Hairpin sequence for TRCN0000089944
  CCGGCCTCTCAGATGACTGCAAGATCTCGAGATCTTGCAGTCATCTGAGAGGTTTTTG
  Mature Sense for TRCN0000089944 CCTCTCAGATGACTGCAAGAT
  Mature Antisense for TRCN0000089944 ATCTTGCAGTCATCTGAGAGG
  3\. Hairpin sequence for TRCN0000089945
  CCGGCCACAGTTCAGACATATTCAACTCGAGTTGAATATGTCTGAACTGTGGTTTTTG
  Mature Sense for TRCN0000089945 CCACAGTTCAGACATATTCAA
  Mature Antisense for TRCN0000089945 TTGAATATGTCTGAACTGTGG
  4\. Hairpin sequence for TRCN0000089947
  CCGGGTACAAGGTTTCAGATGGAAACTCGAGTTTCCATCTGAAACCTTGTACTTTTTG
  Mature Sense for TRCN0000089947 GTACAAGGTTTCAGATGGAAA
  5\. Mature Antisense for TRCN0000089947 TTTCCATCTGAAACCTTGTAC
  Hairpin sequence for TRCN0000089946
  CCGGGTTGGAGTTTGGAGTCAGCAACTCGAGTTGCTGACTCCAAACTCCAACTTTTTG
  Mature Sense for TRCN0000089946 GTTGGAGTTTGGAGTCAGCAA
  Mature Antisense for TRCN0000089946 TTGCTGACTCCAAACTCCAAC
  ---------------------------------------------------------------

Note: Reference Sequence for: NM_027770.
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